IMPORTANCE Given the limited time window available for treatment with tissue plasminogen activator (tPA) in patients with acute ischemic stroke, guidelines recommend door-to-imaging time (DIT) within 25 minutes of hospital arrival and door-to-needle (DTN) time within 60 minutes for patients with acute ischemic stroke. Despite improvements in DITs, DTN times for tPA treatment in patients with acute ischemic stroke remain suboptimal.
S troke is a leading cause of severe disability.
1 Current medical treatments for completed ischemic strokes have little to no effect on neurologic recovery, but timely intravenous administration of tissue plasminogen activator (tPA) within the first hours of onset can substantially reduce disability. [2] [3] [4] Even modest reductions in the time from emergency department arrival to tPA treatment (door-to-needle [DTN] time) significantly increase the likelihood of favorable clinical outcomes. [5] [6] [7] [8] [9] Yet, despite practice guidelines recommending DTN time within 60 minutes [10] [11] [12] and prominent quality improvement efforts to reduce DTN time, 12 the times until tPA treatment in patients with acute ischemic stroke remain suboptimal. 13 To exclude the possibility of hemorrhagic stroke, brain imaging is a necessary first step in the process of tPA delivery. The time from hospital arrival to brain imaging (door-toimaging time [DIT] ) is generally thought to be the main driver of DTN time.
12, 14 Guidelines recommend DIT within 25 minutes, 10 and the Centers for Medicare and Medicaid Services require hospitals to report the time to imaging interpretation. 15 Quality improvement efforts have included DIT
as an important target, and recent studies 14, 16 show that DIT has improved during the past decade. Yet, in a large national sample of patients in the Get With the Guidelines-Stroke registry, more than 70% of ideal tPA candidates with DIT of 25 minutes or less still had DTN times exceeding 60 minutes. 14 This suggests that substantial opportunities remain to reduce DTN times even among patients with optimal brain imaging times. Therefore, imaging-to-needle (ITN) time may be an important focus. To date, we are not aware of any studies that have examined the importance of ITN time, including how much variation in DTN times is explained by ITN time.
In this analysis, our first objective was to examine the contributions of DIT and ITN time to delays in DTN times among tPA-treated patients with acute ischemic stroke in a statewide stroke registry. Our second objective was to assess the amount of hospital-level variation in DTN times that is attributable to DIT or ITN time.
Methods

Data Source
Human participant approval was obtained from each hospital's institutional review board. Registry protocol does not include informed consent because the registry consists of deidentified data. The Michigan Stroke Registry collects information on the quality of acute stroke care as part of the Centers for Disease Control and Prevention Paul Coverdell National Acute Stroke Registry. 17 A representative sample of 39 statewide hospitals was selected through a stratified complex sampling scheme (based on geography, urban or rural location, and minority population). This analysis uses data be- , and year. Onset-to-arrival (OTA) time was the time from symptom onset to hospital arrival. Brain imaging time was defined as the date and time the imaging was obtained (rather than the time of scheduling or report). Hospital-level characteristics were obtained from a 2010 survey that was completed by each hospital; data included primary stroke center status, urban or rural location, teaching hospital status, the presence of a neurology residency program, and hospital annual stroke volume (<200, 200-600, or >600 stroke discharges per year). Registry personnel conduct regular site visits to monitor compliance and data accuracy. In 2010, the Michigan Stroke Registry team generated a list of randomly selected medical records and provided the services of an independent auditor for each hospital. This auditor reabstracted 88 data elements from 368 selected medical records. The interrater reliability of selected data elements was assessed by comparing the reabstracted medical records with the original abstracted data submitted by the hospitals; 69.3% of the elements had agreement of at least 90.0%, and the overall agreement was 91.0%. The agreements for the time of hospital arrival and the time of tPA delivery were 92% and 99%, respectively. Unfortunately, agreement data were unavailable for the time of imaging.
Study Population
Of 39 registry hospitals, we excluded 9 because they had no tPAtreated patients and 5 because they treated fewer than 5 patients with intravenous tPA during the study period, leaving a final sample of 25 hospitals. The final patient population for this analysis was restricted to patients receiving intravenous tPA within 4½ hours of arrival. After excluding patients with in-hospital stroke and transferred patients, a total of 1265 acute ischemic stroke cases were treated with intravenous tPA in the 25 hospitals. We excluded 72 patients with missing or implausible DIT or DTN time, leaving 1193 in the final sample for analysis ( Figure 1 ).
Outcome Measure
The primary outcome variable was DTN time, defined as the time in minutes from hospital arrival to tPA delivery. The primary independent variables were DIT, defined as the time from hospital arrival to the time the first brain imaging was obtained, and ITN time, defined as the time between the first brain imaging and tPA delivery ( Figure 2 ).
Statistical Analysis
Patient and hospital characteristics were summarized as percentages, means (SDs), or medians (interquartile ranges) as appropriate. Patient-level relationships among DIT, ITN time, and DTN time for all patients were assessed using scatterplots. Linear correlations between the variables were assessed using Pearson correlation coefficients. Because guidelines recommend DTN time within 60 minutes, we repeated these analyses after stratifying patients by DTN times (≤60 vs >60 minutes) to see if the relationships among DIT, ITN time, and DTN time varied by whether patients had delayed DTN times.
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We used a series of multilevel, multivariable linear regression models to examine the associations between the patientlevel outcome of DTN time (continuous) and either DIT or ITN time as the primary predictor variable, adjusting for patient and hospital characteristics. 19, 20 All models included hospitalspecific random intercepts to account for patient clustering within each hospital. Model 1 contained only these hospitalspecific random intercepts and no covariates. This model was used to estimate the intraclass correlation coefficient. Model 2 added patient-level covariates to model 1; patient covariates were selected based on prior relevant literature 5,13,21,22 and included age, sex, race/ethnicity, NIHSS score, OTA time, arrival mode, admission day, and year. Age, sex, and race/ ethnicity were retained regardless of statistical significance; other variables that did not reach statistical significance (defined as P < .10) were dropped from the final model. Model 2 quantified between-hospital variation in DTN times after controlling for significant patient-level predictors of DTN time. Model 3 added hospital-level covariates to model 2; hospital covariates included primary stroke center status, urban or rural location, teaching hospital status, the presence of a neurology residency program, and hospital annual stroke volume. Again, nonsignificant variables were dropped from the model. Therefore, the final risk-adjusted model included hospital-specific random intercepts and patient age, sex, and race/ ethnicity, as well as any other patient-level and hospital-level factors statistically significantly associated with DTN time.
We next added DIT (continuous) as a predictor to the final risk-adjusted model to determine the amount of variation in hospital mean DTN times that was explained by DIT. Next, we added ITN time (continuous) as a predictor to the final risk-adjusted model to determine the amount of explainable variation in hospital mean DTN times that was attributable to ITN time. The variables DIT and ITN time were not included together in the same model because together they would completely explain DTN time ( Figure 2 ). Attributable variation in DTN times was calculated as the proportional change in residual variation from the final risk-adjusted model to the models that included DIT and ITN time individually. All analyses were conducted using PROC MIXED (SAS, version 9.2; SAS Institute Inc). 20 We examined whether NIHSS score or OTA time modified the association between DIT and DTN time by testing the statistical significance of 2 interaction terms, DIT × NIHSS score and DIT × OTA time, on the outcome of DTN time. To verify that the final model was appropriate, we examined the distribution of residuals to confirm that they were approximately normally distributed. To explore the effect of hospitals with few cases, we conducted a sensitivity analysis by dropping hospitals with fewer than 10 tPA-treated cases (n = 9) and repeating the final model.
Results
In total, 1193 tPA-treated patients with acute ischemic stroke between 2009 and 2012 were studied. Table 1 summarizes the baseline characteristics. The mean age was 68.1 years (age range, 18-102 years), and the median NIHSS score was 11.0 (interquartile range, 6-17). Half of the patients (51.4%) were female, and 37.5% were of nonwhite race/ethnicity. Most arrived by ambulance (80.7%). The median OTA time was 59.0 minutes (interquartile range, 39.0-93.5 minutes). Of 25 hospitals, 20 were teaching hospitals, and 16 were primary stroke centers. Four were rural hospitals. All hospitals had a protocol for intravenous tPA administration.
The overall patient-level mean (SD) DIT was 22.8 (15.9) minutes. Most patients (68.4%) received brain imaging within the guideline-recommended 25-minute window. However, the overall patient-level mean (SD) ITN time was 60.1 (32.3) minutes. The patient-level mean (SD) DTN time was 82.9 (35.4) minutes, and only 28.7% of patients received tPA within 60 minutes. Figure 3 shows changes in DITs, ITN times, and DTN times during the study period. relation coefficient, −0.045; P = .12) (eFigure 1 in the Supplement). Given that guidelines recommend DTN time of 60 minutes or less, we repeated these analyses after stratifying patients by this optimal DTN time vs longer than 60 minutes; however, the overall results were similar (eFigure 2 and eFigure 3 in the Supplement).
In unadjusted analyses, stroke severity was significantly correlated with DIT (0.31 minutes faster per NIHSS score point, P < .001) but not with ITN time (0.06 minutes slower per NIHSS score point, P = .66). Stroke severity was only marginally significantly associated with DTN time (0.25 minutes faster per NIHSS score point, P = .08).
Between-Hospital Variation in DTN Times
In the unadjusted model with hospital-specific random intercepts, hospitals differed significantly in the mean DTN times (P = .002). Of the total variation in DTN times, 12.7% was attributable to hospital variation (intraclass correlation coefficient, 0.127). The mean (SE) hospital-level DTN time was 87.5 (2.8) minutes. Table 2 summarizes the final risk-adjusted model, which included patient age, sex, and race/ethnicity and the other patient factors that reached statistical significance (NIHSS score, OTA time, arrival mode, and year). None of the hospital-level factors were significantly associated with DTN time, so they were dropped from the model.
Inclusion of patient-level factors reduced the variation in hospital-level DTN times by 15.4%. However the random effect for hospital remained significant (P = .003); therefore, considerable unexplained variability in hospital DTN times remained after accounting for patient factors. Arrival by ambulance and OTA time were significantly associated with DTN time. The mean DTN time was 8.12 minutes faster for patients arriving by ambulance (vs private), and the mean DTN time was 0.14 minutes faster for every additional minute delay in OTA time ( Table 2 ). The NIHSS score was only marginally correlated with DTN time (0.25 minutes faster for every NIHSS score point, P = .08).
When DIT was added to the final risk-adjusted model, it explained 10.8% of the variation in hospital-level DTN times. For every additional minute of DIT, DTN time increased by 0.81 minutes (P < .001). When ITN time replaced DIT in the final riskadjusted model, ITN time explained 64.6% of the variation in hospital-level DTN times. For every additional minute of ITN time, DTN time increased by 0.95 minutes (P < .001). Even after accounting for patient-level variables and ITN time, the random effect for hospital remained significant (P = .01), indicating that significant variation remained in hospital mean DTN times that was not explained by these patient factors.
Discussion
In this study of tPA-treated patients with acute ischemic stroke, we found that ITN time had a much larger contribution than DIT to systematic variation in hospital DTN times. Although timely brain imaging is clearly important for optimal tPA delivery and further improvement in DIT is desirable, we found that prolonged ITN time is a much greater problem. To our knowledge, this is the first analysis to examine the separate roles of DIT and ITN time on DTN time for tPA-treated patients with acute ischemic stroke. Although 68.4% of patients with acute ischemic stroke in our study had DIT within 25 minutes, only 28.7% had DTN time within 60 minutes as recommended by guidelines. These results show the critical importance of ITN time to the achievement of optimal DTN time and demonstrate that delays in ITN time are largely responsible for hospitals' inability to achieve DTN time within 60 minutes.
The percentage of patients with stroke achieving DTN time of 60 minutes was similar to that in earlier studies. 5, 21, 23 Consistent with previous work, we found that faster DTN time was associated with arrival by ambulance and with longer OTA time. 5, 13, 21, 22 Previous studies 5, 21 have shown that stroke severity is associated with DTN time; however, our study did not. Our study had a smaller sample size (n = 1193) than the others (n = 5563 in the study by Mikulík et al 5 and n = 25 504 in the ity to detect an association between stroke severity and DTN time. Moreover, we found that stroke severity was significantly correlated with DIT but not with ITN time. This finding suggests that stroke severity strongly influences initial mobilization of resources that are dependent on stroke recognition (ie, rapid facilitation of imaging) but indicates that stroke severity has less effect on subsequent delays and has only a marginal influence on the overall speed of tPA delivery. Finally, we did not find faster DTN time to be correlated with weekday arrival or any of the hospital-level factors such as hospital annual stroke volume, primary stroke center status, or the presence of a neurology residency program. Several potential reasons explain why ITN time is a more important predictor of rapid tPA delivery than DIT in patients with acute ischemic stroke. First, guideline recommendations and performance measures for DIT have prioritized it as the main component of DTN time. 10, 15 Many quality improvement interventions, such as Target: Stroke, have focused on improving DTN time by highlighting rapid brain imaging as an important strategy. 11 Second, increases in brain imaging capacity and availability, especially within emergency departments, have likely contributed to reductions in DIT. 24 Previous quality improvement work targeted imaging delays due to delayed computed tomography (CT) technician response time, CT director approval, and slow transport to the CT suite. 25 Such factors were addressed in emergency department operations; consequently, DIT improved during the 2000 to 2010 period. 14, 16 Among patients included in the Get With the Guide- Finally, DIT and ITN time are distinct processes that may depend on different personnel, separate departments, and various resources within a hospital. It is possible that DIT is more amenable to systems and process improvements than ITN time, but our findings may, at least in part, be due to inadequate attention to ITN time improvements. The ITN times remain too long despite programmatic efforts to highlight the various points that may contribute to delays in the ITN times, including notifying the stroke team, determining tPA eligibility, medical decision making, dosing, and preparing tPA. 11 The period between brain imaging and tPA delivery involves communication among emergency physicians, radiologists, neurologists, nursing, pharmacy, and the patient and family. We need to better understand the critical components of ITN time, including laboratory testing, imaging interpretation, care coordination between physicians, ordering and preparing tPA, and medical decision making involving the physician, patient, and family. In addition, guideline developers may consider greater emphasis on the important role of ITN time. Our findings must be considered within the context of the study's limitations. This analysis is based on registry data from a single state and may reflect regional variations. However, the hospitals included in the Michigan registry were selected to be representative of various capacities, sizes, and settings (teaching or nonteaching and rural or urban); therefore, our findings should be broadly generalizable. Also, generalizability is suggested by the fact that these results are concordant with larger reports of Get With the Guidelines-Stroke data. 21 We were also unable to verify the accuracy of the imaging time data; however, the other time-related variables, including OTA time, had high interobserver agreement. In addition, we may have failed to capture other unmeasured confounders or other explanatory factors such as differences in the physical location of CT imaging systems, emergency medical services prenotification protocols, or availability of neurology specialists. Future studies may focus on collecting these details and understanding other organizational, structural, and cultural factors that may contribute to treatment delays. Finally, we do not know how many patients with acute ischemic stroke seen at these hospitals were not treated with tPA because of delays in care related to prolonged DIT or ITN time. 
